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Arterial carbon dioxide tension (PCO2) is one of themost important regulatory factors known to affect
the level of cerebral blood flow during cardiopulmonary
bypass (CPB), yet the optimal approach to pH manage-
ment during hypothermic CPB and circulatory arrest
remains controversial.1,2 In adult patients undergoing
CPB, neurologic outcomes appear to be better with the
alpha-stat strategy, in which arterial PCO2 is maintained
at 40 mm Hg when the sample is measured at 37°C and
is not corrected for the patient’s temperature.3 In con-
trast, neurologic outcomes in infants may be better with
the pH-stat strategy, in which the arterial PCO2 is adjust-
ed to 40 mm Hg to maintain a pH of 7.40 at the patient’s
hypothermic temperature. Retrospective analyses of
Objectives: In a randomized single-center trial, we compared developmental
and neurologic outcomes at 1 and 2 to 4 years of age in children who under-
went reparative cardiac operations at less than 9 months of age after use of
the alpha-stat versus pH-stat strategy during deep hypothermic cardiopul-
monary bypass.
Methods: Among 168 children eligible for follow-up, 1-year developmental
evaluations were carried out on 111, neurologic evaluations on 110, and
electroencephalographic evaluations on 102. Parents of 122 children com-
pleted questionnaires on behavior and development when children were 2 to
4 years of age.
Results: The Psychomotor Development Index scores of the alpha-stat and
pH-stat groups did not differ significantly (P = .97). For Mental
Development Index scores, the treatment group effect differed according to
diagnosis (P = .007). In the D-transposition of the great arteries (n = 59) and
tetralogy of Fallot (n = 36) subgroups, the pH-stat group had slightly higher
Mental Development Index scores than the alpha-stat group, although these
differences were not statistically significant. In the ventricular septal defect
subgroup (n = 16), the alpha-stat group had significantly higher scores.
Psychomotor Development Index and Mental Development Index scores
were significantly higher in the group with D-transposition of the great arter-
ies than in the other 2 groups (P = .03 and P = .01, respectively). Across all
diagnoses, Mental Development Index scores were significantly higher than
Psychomotor Development Index scores (P < .001). Treatment group assign-
ment was not significantly associated with abnormalities on neurologic
examination (P = .70) or electroencephalographic examination (P = .77) at 1
year or with parents’ ratings of children’s development (P = .99) or behavior
(P = .27) at age 2 to 4 years.
Conclusions: Use of alpha-stat versus pH-stat acid-base management strate-
gy during reparative infant cardiac operations with deep hypothermic car-
diopulmonary bypass was not consistently related to either improved or
impaired early neurodevelopmental outcomes. (J Thorac Cardiovasc Surg
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postbypass neurologic morbidity after a shift from the
pH-stat to alpha-stat method suggested that the inci-
dence of choreoathetosis was higher,4 and psychomet-
ric intelligence in infants with transposition of the great
arteries was lower when the alpha-stat strategy was
used in conjunction with circulatory arrest.5 In a recent
single-center clinical trial, children who underwent
deep hypothermic cardiac operations with or without
circulatory arrest, involving random assignment to
alpha-stat or pH-stat, pH-stat was associated with lower
postoperative morbidity, including fewer deaths 
(P = .058), fewer electroencephalographic seizures 
(P = .11), and faster recovery of electroencephalo-
graphic (EEG) activity (P = .03).6 In addition, among
the subgroup of patients with D-transposition of the
great arteries (D-TGA), those assigned to the pH-stat
group experienced less frequent postoperative acidosis
(P = .02) or hypotension (P = .05) and required a short-
er duration of mechanical ventilation (P = .01) and
intensive care unit stay (P = .01). To determine the
longer term implications of these perioperative treat-
ment group differences, we assessed these children at
age 1 year with respect to their neurologic and devel-
opmental status by means of in-person evaluations.
Their development was evaluated again when the chil-
dren were 2 to 4 years of age by means of parent-com-
pleted questionnaires.
Methods
Enrollment of patients. Eligibility criteria included a
reparative heart operation at age less than 9 months for diag-
noses, including D-TGA with intact ventricular septum or
ventricular septal defect (VSD), tetralogy of Fallot (TOF),
TOF with pulmonary atresia, VSD, complete common atrio-
ventricular canal defect (CAVC), truncus arteriosus, or total
anomalous pulmonary venous return. Exclusion criteria
included birth weight less than 2.25 kg, associated congenital
or acquired extracardiac disorders of greater than minor
severity, and a previous cardiac operation.
Between July 1992 and July 1996, 216 infants were deter-
mined to be eligible. The parents of 26 (12%) infants declined
to participate. Of the 190 patients enrolled, 8 (4%) were
excluded post hoc because their operation was not performed
under deep hypothermia (tympanic temperature ≤ 18°C),
resulting in a final sample of 182 infants. Informed consent
was obtained from the parents of all infants.
Study design. The design was a prospective, randomized,
single-center trial.
Immediately before the operation, infants were randomly
assigned, by means of a permuted blocks design, to receive a
pH management strategy of either pH-stat or alpha-stat, with
stratification according to surgeon, diagnosis, and age group
(<1 month, 1-4 months, and 5-9 months). Surgeons and anes-
thesiologists were kept unaware of the interim results during
the study. All individuals responsible for evaluating patient
outcomes were blinded to treatment assignment. Information
on extracorporeal perfusion and anesthesia methods and on
postoperative hemodynamic status is presented elsewhere.6
Developmental testing. When children were approximate-
ly 1 year old, the Bayley Scales of Infant Development were
administered.7 These yield 2 standardized scores: the
Psychomotor Development Index (PDI) and the Mental
Development Index (MDI). For each index, we calculated the
proportion of children whose scores were less than 80, which
is approximately 2 SDs below the contemporary mean scores
on the 1969 version of this test (112 and 111, respectively).8
We calculated the proportions of children who passed 3 items
on the motor scale that represent major milestones: neat pin-
cer grasp, pat-a-cake: midline skills, and walks alone. In
addition, scores in specific developmental domains were
derived by using the item analysis scheme of Kohen-Raz9:
eye-hand coordination, manipulation, object relations, imita-
tion, and vocalization.
When children were between 2 and 4 years of age, parents
were mailed 2 questionnaires to complete. The Child
Development Inventory10 yields the following scores: social,
self help, gross motor, fine motor, expressive language, lan-
guage comprehension, letters, numbers, and general develop-
ment. The Child Behavior Checklist 2/311 consists of 3 broad-
band scales (total behavior problems, internalizing, and
externalizing) and 6 narrow-band scales (social withdrawal,
depressed, sleep problems, somatic problems, aggressive,
and destructive).
Neurologic examination. Neurologic examinations were
performed by a single pediatric neurologist when the children
were 1 year of age by means of a 41-item format with age-
appropriate items selected from those used in previous stud-
ies.12-15 Findings were classified as normal or abnormal.
Abnormalities were subclassified into 5 categories: head cir-
cumference, mental status, special senses (visual and auditory),
cranial nerve motor function (oculomotor, facial, and oromo-
tor), and peripheral motor function (strength, tone, and tendon
reflexes). An infant’s overall evaluation was classified as abnor-
mal if a definite abnormality was found in any of these 5 areas.
EEG examination. EEG data were recorded when the
children were 1 year of age by means of a 16-channel video
electroencephalograph (Telefactor; Modac, West Consho-
hocken, Pa). Electrodes were placed according to the stan-
dard 10-20 system of electrode placement. The EEG data
were interpreted by a child neurologist board certified in elec-
troencephalography. Recordings extended over at least 40
minutes and included wakefulness, drowsiness, and natural or
sedated (chloral hydrate) sleep.
The recordings were interpreted by means of standard age-
specific criteria for EEG background during wakefulness and
sleep. Background abnormality was defined as dysmaturity,
abnormal sleep-wake cycling, asymmetry of amplitude or
frequency, diffuse low voltage or frequency, or a burst-sup-
pression pattern. In addition, any paroxysmal activity in the
form of spike or sharp discharges was noted. Electrographic
seizures were defined as rhythmic discharges that evolved
and lasted for 10 seconds or more.
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Statistical analyses. Treatment group comparisons were
conducted by means of intention-to-treat analyses. Diagnoses
were grouped in the following way: D-TGA (D-TGA/intact ven-
tricular septum and D-TGA/VSD); TOF/other (TOF or TOF
with pulmonary atresia, truncus arteriosus, or total anomalous
pulmonary venous return); and VSD/CAVC. On the basis of our
previous work, PDI was designated as the primary outcome. All
hypothesis tests of outcome variables were adjusted for diagno-
sis group (D-TGA, TOF/other, and VSD/CAVC). Treatment by
diagnosis group interaction terms was evaluated. If an interac-
tion was significant, separate P values were calculated for the
effect of treatment for each diagnosis group. Outcomes includ-
ed both continuous and categoric variables. Multiple linear
regression methods and Wilcoxon rank-sum tests were used to
analyze continuous outcome variables. Fisher exact tests and
multiple logistic regression methods were used to analyze cate-
goric outcome variables. All P values are 2-tailed.
Analyses of the 3 summary scales of the Child Behavior
Checklist (total problem behaviors, internalizing, and exter-
nalizing) were based on T scores, for which the expected
means ± SD are 50 ± 10. T scores for the narrow-band scales
of the Child Behavior Checklist are typically severely skewed
because all raw scores above the 69th percentile are assigned
a T score of 50. Therefore, analyses were performed on raw
scores, which were more normally distributed.
Of the 182 children enrolled in the study, 4 died within 1
month of their operation (all with D-TGA and assigned to the
alpha-stat group). Ten families were not considered eligible
for follow-up because of a language barrier (n = 5) or because
of residence outside of the United States (n = 5). Of the
remaining 168 children, the 122 living in New England or
New York were contacted about returning for the follow-up
evaluations of children at 1 year of age. Of these, 102 (84%)
were evaluated. The remainder had scheduling problems or
were lost to follow-up. We also evaluated 9 (20%) of the 46
children who resided elsewhere but whose families informed
us that they would be traveling to the Boston area. In-person
developmental examinations at the age of 1 year were thus
completed for 111 children (54 alpha-stat and 57 pH-stat). The
numbers of children in the 3 diagnosis groups for whom
Table I. Characteristics of children for whom 1-year developmental data or 2- to 4-year questionnaires are avail-
able, according to treatment group
Alpha-stat (n = 74) pH-stat (n = 79)
Preoperative characteristics
Birth weight (kg) 3.40 ± 0.58 3.44 ± 0.51
Gestational age (wk) 39.5 ± 1.4 39.6 ± 1.4
Apgar score (5 min) 8.2 ± 1.2 8.6 ± 0.6
Age at operation (d), median (range) 8.5 (1-261) 6 (1-222)
Sex (% male) 69 59
Race (% nonwhite) 8 11
Diagnosis group, n (%)
D-TGA 36 (49) 44 (56)
TOF/other 27 (36) 26 (33)
VSD/CAVC 11 (15) 9 (11)
Operative characteristics
pH (at 37°C) at onset of circulatory arrest or low-flow bypass 7.41 ± 0.05 7.14 ± 0.05
PCO2 at onset of circulatory arrest or low-flow bypass (mm Hg) 40 ± 6 91 ± 13
Total support time (min) 124 ± 38 126 ± 40
Total bypass time (min) 103 ± 41 106 ± 38
Duration of circulatory arrest (min) 21 ± 16 20 ± 17
None, n (%) 11 (15) 9 (11)
1-10 17 (23) 27 (34)
11-30 19 (26) 19 (24)
31-44 22 (30) 17 (22)
≥45 5 (7) 7 (9)
Postoperative neurologic outcomes
Definite clinical seizures (%) 4 3
Ictal activity within 48 h after operation (%) 9 2
Follow-up data at 1 y
Age (mo) 13.4 ± 1.5 13.1 ± 1.0
Weight (z-score) –0.49 ± 1.18 –0.34 ± 1.15
Length (z-score) –0.94 ± 1.47 –0.49 ± 1.18
Social class* 41 ± 14 43 ± 14
Parental intelligence quotient† 98 ± 15 94 ± 17
Values are means ± SD.
*Score on the Hollingshead Four-Factor Index of Social Studies,16 with higher scores indicating higher social status.
†Score on the Peabody Picture Vocabulary Test (revised).17
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developmental evaluations were completed were as follows:
D-TGA, 59; TOF/other, 36; and VSD/CAVC, 16. Neurologic
and EEG examinations at age 1 year were completed for 109
and 102 children, respectively. Across the entire sample, the
age (mean ± SD) at follow-up evaluation was 13.2 ± 1.3
months.
The families of all eligible children were asked to complete
the questionnaires on child development and behavior. One
child with TOF assigned to the alpha-stat group died sudden-
ly at age 15 months and was found, on postmortem examina-
tion, to have congenital stenosis of the left coronary ostium.
One or more completed questionnaires were received for 122
Fig 1. Box plots of Psychomotor Development Index scores stratified by treatment group (alpha-stat vs pH-stat)
and diagnosis group (D-TGA, TOF/other, and VSD/CAVC). Within a box, the solid bar represents the median
value, the dashed line represents the mean value, the upper boundary of the closed box represents the 75th per-
centile, and the lower boundary of the closed box represents the 25th percentile. The vertical lines extend to the
10th and 90th percentiles, with more extreme observations plotted as diamonds.
Table II. Developmental outcomes at 1 year, according to treatment group
Alpha-stat (n = 54) pH-stat (n = 57) P value*
Bayley Scales of Infant Development
PDI 94.5 ± 17.4 95.0 ± 19.5 .97
PDI score ≤ 80 (%) 20 21 1.00
Selected motor scale items (% passing)
Neat pincer grasp 91 91 1.00
Pat-a-cake: midline 78 77 1.00
Walks alone 59 60 1.00
MDI 103.8 ± 17.5 105.9 ± 16.0 .26, .22, .006†
MDI score ≤ 80 (%) 11 7 .52
Kohen-Raz subscales
Eye-hand coordination 13.0 ± 2.0 13.0 ± 1.5 .45
Manipulation 8.7 ± 0.6 8.6 ± 0.8 .57, .09, .001†
Object relations 8.6 ± 0.7 8.6 ± 0.8 .33, .46, .003†
Imitation 6.2 ± 2.0 5.9 ± 1.7 .90
Vocalization 6.5 ± 2.0 6.2 ± 1.8 .62
lMDI-PDIl <17.3 (%) 37 30 .43
Values are means ± SD.
*Linear regression P value for the effect of treatment, with adjustment for diagnosis group and social class for continuous outcomes and Fisher exact P value for the
effect of treatment for dichotomous outcomes. Models for Kohen-Raz subscales also adjust for age at developmental testing.
†Because of a significant (P < .01) treatment by diagnosis group interaction, separate P values for the effect of treatment are reported for the D-TGA, TOF/other, and
VSD/CAVC diagnosis groups, respectively.
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(73% of those to whom questionnaires were sent) children.
Completed Child Development Inventory forms were received
for 121 children, and completed Child Behavior Checklist 2/3
forms were received for 117 children. Among the children for
whom questionnaires were received, the age (mean ± SD) was
35.4 ± 6.5 months. Overall, either evaluations at 1 year of age
or parent-completed questionnaires at 2 to 4 years of age were
available for 153 (91%) of 168 eligible children.
Results
Table I16,17 presents the demographic and medical
characteristics of families who participated in the
developmental evaluations of the children at 1 year of
age or who completed at least one of the questionnaires
on the children’s development at 2 to 4 years of age.
Treatment groups were similar in terms of the preoper-
ative history and the incidence of preoperative abnor-
malities on neurologic examination or EEG. Although
treatment groups were, by design, equivalent in terms
of the distribution of diagnoses, the D-TGA and
TOF/other groups were considerably larger than the
VSD/CAVC group. One infant in the pH-stat group had
a preoperative seizure. The age at operation (mean ±
SD) was younger in the D-TGA group (5 ± 3 days) than
in the TOF/other group (79 ± 69 days) or the
VSD/CAVC group (119 ± 59 days).
The treatment groups were similar in intraoperative
perfusion variables, including duration of circulatory
arrest, total bypass time, and total support time (Table
I), although total support time (mean ± SD) was greater
among patients in the D-TGA group (149 ± 32 minutes)
than in the TOF/other (99 ± 28 minutes) or VSD/CAVC
(97 ± 27 minutes) groups. The duration of circulatory
arrest (mean ± SD) was 19.7 ± 14.4 minutes in the D-
TGA group, 24.6 ± 17.0 minutes in the TOF/other
group, and 13.9 ± 17.8 minutes in the VSD/CAVC
group. Approximately one third of the patients in each
group had total circulatory arrest periods of more than
30 minutes. As expected, pH was significantly lower
and PCO2 significantly higher in the pH-stat group than
in the alpha-stat group throughout the bypass period.
As reported previously,6 EEG seizures in the postoper-
ative period were more frequent among patients in the
alpha-stat group (P = .11).
Children for whom some follow-up data were avail-
able did not differ significantly from those for whom
such data were not available in terms of family charac-
teristics (social class and ethnicity), neonatal status
(gestational age and 5-minute Apgar score), age at
operation, operative characteristics (total support time
and lowest PCO2), or postoperative course (intensive
care unit days, days intubated, days of hospitalization,
and clinical or EEG seizures). Birth weight was the
only variable on which groups differed significantly,
with the children for whom follow-up data were avail-
able being slightly heavier (P = .04).
Assessments at 1 year of age
Bayley Scales of Infant Development. Although the
PDI score (mean ± SD) in the D-TGA group (99.0 ±
16.8) was significantly higher than the mean scores in
either the TOF/other (89.7 ± 19.8) or VSD/CAVC (90.3
± 18.3) groups (P = .03), PDI scores did not differ by
treatment group (Table II and Fig 1). The scores of the
alpha-stat and pH-stat groups were similar within each
diagnostic group. The proportions of children achiev-
ing scores of 80 or less (ie, at least 2 SDs below the
population mean) were increased relative to expecta-
tion but did not differ between treatment groups (20%
in the alpha-stat group vs 21% in the pH-stat group).
The frequencies of such scores in the D-TGA,
TOF/other, and VSD/CAVC groups were 14%, 31%,
and 25%, respectively. Treatment groups did not differ
in the proportions of children who passed the following
items from the motor scale: neat pincer grasp, pat-a-
cake: midline skill, and walks alone.
MDI score (mean ± SD) was significantly higher in the
D-TGA group (109.4 ± 14.7) than in either the
TOF/other (100.3 ± 15.6) or VSD/CAVC groups (98.9 ±
22.0, P = .01). The treatment group by diagnosis group
interaction was significant (P = .007, Table II and Fig 2).
Among children in the VSD/CAVC group, assignment to
alpha-stat was associated with significantly higher
scores (22.2-point difference, P = .006), although the
numbers of patients in the 2 treatment groups were small
(9 in the alpha-stat group and 7 in the pH-stat group). In
this diagnosis group assignment to alpha-stat was also
associated with significantly higher scores on the manip-
ulation (P = .001) and object relations (P = .003) sub-
scales. Within both the D-TGA and TOF/other sub-
groups, children assigned to pH-stat tended to achieve
higher MDI scores than children assigned to alpha-stat
(4.7 and 6.4 points, respectively). These differences did
not achieve statistical significance, however. Overall, the
proportions of children whose MDI scores were 80 or
less were similar in the alpha-stat and pH-stat groups
(11% and 7%, respectively). The frequencies of such
scores in the D-TGA, TOF/other, and VSD/CAVC
groups were 3%, 14%, and 19%, respectively.
In the cohort as a whole, the mean PDI score was sig-
nificantly lower than the mean MDI score (10.2-point
difference, P < .001). Therefore, for substantial propor-
tions of children in each group (37% in the alpha-stat
group and 33% in the pH-stat group), the MDI-PDI dis-
crepancy exceeded the value that corresponds to the .05
level of significance (17.3 points). The percentage did
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not differ across treatment groups, however. Similar
trends were seen in each diagnostic group.
In analyses adjusting for treatment group and diag-
nosis group, the duration of total circulatory arrest was
not significantly associated with MDI (P = .67) or PDI
(P = .60) scores.
Neurologic examination. The proportions of children
in each treatment group considered to have an abnor-
mal neurologic examination were substantial, although
not significantly different (42% in the alpha-stat group
and 39% in the pH-stat group, respectively; P = .70;
Table III). Similarly, no treatment group differences
were found with respect to specific types of abnormal-
ities. The most common findings in both groups were
abnormal muscle tone (usually decreased tone),
increased tendon reflexes, persistent primitive reflexes,
abnormal gait, abnormal facial motor and oromotor
function, and microcephaly.
Fig 2. Box plots of Mental Development Index scores stratified by treatment group (alpha-stat vs pH-stat) and diag-
nosis group (D-TGA, TOF/other, and VSD/CAVC). Within a box, the solid bar represents the median value, the
dashed line represents the mean value, the upper boundary of the closed box represents the 75th percentile, and the
lower boundary of the closed box represents the 25th percentile. The vertical lines extend to the 10th and 90th per-
centiles, with more extreme values plotted as diamonds.
Table III. Neurologic outcomes at 1 year, according to treatment group
Alpha-stat (n = 53) pH-stat (n = 57) P value*
Head circumference 1.00
Normal (%) 89 89
Microcephalic 8 9
Macrocephalic 4 2
Mental status (% abnormal) 0 0 1.00
Special senses (% abnormal) 0 0 1.00
Cranial nerves (% abnormal) 8 11 .74
Motor function .84
Normal (%) 70 72
Weak, global 2 4
Weak, extremities only 2 4
Abnormal tone, tendon reflexes, or both 26 21
Overall evaluation (% any abnormality) 42 37 .70
*Fisher exact P value for the effect of treatment.
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EEG examination. Unequivocal abnormal features on
EEG were identified in 13 (13%) of the 102 infants
studied (7 in the alpha-stat group and 6 in the pH-stat
group). In 8 infants (3 in the alpha-stat group and 5 in
the pH-stat group), a significant asymmetry between the
2 hemispheres was noted in the amplitude, frequency, or
both of the EEG background. In 7 infants (5 in the
alpha-stat group and 2 in the pH-stat group), an excess
of paroxysmal spike or sharp wave activity indicating
cortical irritability was found. No infants showed evi-
dence of dysmaturity or electrographic seizure activity.
The 2 treatment groups did not differ significantly on
any abnormality determined by EEG examination 
(P = .77) or on any specific EEG end points.
Assessments at 2 to 4 years of age
Child Development Inventory. Treatment groups did
not differ significantly on any Child Development
Inventory scale (Table IV), including general develop-
ment (P = .99).
Child Behavior Checklist 2/3. In the cohort as a
whole, the mean scores on 1 broad-band scale (inter-
nalizing) and 2 narrow-band scales (social withdrawal
and depressed) were significantly lower (P < .005) than
normative values. Treatment groups did not differ sig-
nificantly on the total problem behaviors scale 
(P = .27). Depressed was the only one of the 3 broad-
band and 6 narrow-band scales on which a significant
treatment group difference was found. Children in the
pH-stat group had higher (ie, less optimal) scores than
children in the alpha-stat group (P = .01, Table IV).
Discussion
Neurocognitive morbidity can be documented in the
majority of adults undergoing cardiac operations,
although long-term sequelae are usually mild.18,19 In
children with congenital heart disease who have under-
gone cardiac operations, cognitive deficits are also
common, but maturational changes, together with mul-
tiple preoperative and postoperative risk factors, make
it difficult to ascertain the extent to which these are
strictly attributable to intraoperative events. The risk of
brain injury related to CPB in infants and children may
be influenced by many variables, including the dura-
tion of total support, the depth of hypothermia, the rate
and duration of core cooling, the degree of hemodilu-
tion, the duration of total circulatory aarrest, the type of
oxygenator (bubble vs membrane), the use of arterial
filtration, and aspects of the biochemical milieu,
Table IV. Developmental outcomes at 2 to 4 years, according to treatment group
Alpha-stat pH-stat P value*
Child Development Inventory† (n = 58) (n = 63)
Social 31 ± 7 30 ± 7 .34
Self help 26 ± 6 25 ± 8 .76
Gross motor 22 ± 5 22 ± 5 .24
Fine motor 19 ± 4 19 ± 5 .16
Expressive language 38 ± 11 35 ± 12 .35
Language comprehension 38 ± 10 35 ± 11 .31
Letters 2 ± 3 2 ± 3 .85
Numbers 6 ± 3 6 ± 3 .88
General development 45 ± 11 44 ± 12 .99
Child Behavior Checklist‡ (n = 55) (n = 62)
Total problem behaviors (T scores) 48 ± 11 49 ± 10 .27
Broad-band scales (T scores)
Internalizing 45 ± 10 48 ± 9 .07
Externalizing 48 ± 10 49 ± 9 .65
Narrow-band scales (raw scores)
Social withdrawal 2.7 ± 2.7 2.8 ± 2.6 .66
Depressed 3.1 ± 2.7 4.1 ± 2.7 .01
Sleep problems 2.8 ± 2.7 3.3 ± 3.0 .17
Somatic problems 2.6 ± 2.6 3.0 ± 2.7 .41
Aggressive 7.9 ± 5.6 7.9 ± 5.5 .82
Destructive 3.6 ± 2.9 3.6 ± 2.8 .68
Values are means ± SD.
*Linear regression P value for the effect of treatment, with adjustment for diagnosis group and social class. Models for Child Development Inventory scales also
adjusts for age when parents completed a questionnaire.
†Higher scores on the Child Development Inventory reflect better development.
‡Higher scores on the Child Behavior Checklist reflect more severe problem behaviors.
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including the type of pH management chosen during
core cooling (alpha-stat vs pH stat).20,21
We previously demonstrated that the use of the pH-
stat strategy in infants undergoing deep hypothermic
CPB was associated with a trend toward lower postop-
erative morbidity and with a significantly shorter
recovery time to first EEG activity.6 The current study
explored the effect of pH management strategy on
longer term developmental outcome in the same study
cohort. We found that infants randomized to the pH-stat
and alpha-stat methods of pH management did not dif-
fer significantly at 1 year of age in their scores on the
Bayley Scales of Infant Development or in their neuro-
logic examination. Similarly, at 2 to 4 years of age, the
treatment groups had similar development, as assessed
by parental responses to mailed questionnaires, includ-
ing the Child Development Inventory and the Child
Behavior Checklist.
During the perioperative phase of the study, ran-
domization was stratified within 3 overall diagnostic
groups: D-TGA, TOF/other, and VSD/CAVC. For
children with D-TGA and conotruncal defects
(TOF/other), there was a trend toward better develop-
mental outcome among those in the pH-stat group, but
for patients with VSD/CAVC, outcome was signifi-
cantly worse among those assigned to the pH-stat
strategy. The number of patients in each diagnosis
group was relatively small, however. Furthermore,
because of the association of diagnosis with age at
operation, we could not determine which factor was
responsible for the apparent differences in the effect
of pH management strategy in these groups. Overall,
neurodevelopmental outcome was best among
patients with D-TGA and weakest among those who
had undergone repair of ventricular septal defects.
The especially poor outcomes of those in the
VSD/CAVC group randomized to the pH-stat strategy
should be noted.
Previous studies on the effect of acid-base manage-
ment strategy during use of deep hypothermic CPB in
infants and children have suggested that the acidotic
pH-stat strategy, compared with the more alkalotic
alpha-stat strategy, may provide a greater degree of
central nervous system protection. In a retrospective
review, children with D-TGA who had undergone the
Senning procedure under alpha-stat conditions
showed worse neurodevelopmental outcome than
those managed by pH-stat.5 Of note, however, the
operative management of the retrospective study
cohort, whose operations were performed between
1983 and 1988, differed in many respects from that
used in the present study. Another retrospective
review observed that the incidence of postoperative
choreoathetosis became greater after the institution
of the alpha-stat strategy.4 In the neonatal piglet pH-
stat was associated with better preservation of cellu-
lar oxygen delivery and improved recovery of cere-
bral high-energy phosphates and intracellular pH
during reperfusion.22,23 Finally, during the periopera-
tive phase of the current prospective randomized
trial, use of the pH-stat strategy in infants undergoing
deep hypothermic CPB was associated with a trend
toward lower postoperative morbidity, shorter recov-
ery time to first EEG activity, and, in patients with D-
TGA, shorter duration of intubation and intensive
care unit stay.6 At intermediate follow-up in this
cohort, infants with D-TGA and TOF/other tended to
have higher median scores on the PDI and MDI, but
this study did not have sufficient statistical power
within these subgroups to achieve statistical signifi-
cance. Comparisons of our results with those of pre-
vious studies of acid-base management strategies
must take account of the many recent advances in
perfusion methods, including the addition of an arte-
rial line filter, an improved membrane oxygenator
with decreased priming volume, and the avoidance of
prolonged periods of circulatory arrest. Coincident
with these changes, for example, the incidence of
perioperative seizures has greatly declined among
children undergoing cardiac surgery at Boston
Children’s Hospital.
The present study should be interpreted in light of
several limitations. In contrast to studies such as the
Boston Circulatory Arrest Study,24,25 the cohort
included infants with diverse cardiac diagnoses. As a
result, the sizes of some diagnosis groups were small
(eg, 1-year evaluations were conducted on 7 patients
with VSD/CAVC randomized to the pH-stat group
and 9 randomized to the alpha-stat group). Overall,
only 66% (111/168) of children enrolled in the peri-
operative phase of this study returned to our institu-
tion for neurodevelopmental examination at 1 year of
age, although the follow-up rate was better (84%) in
the group of families identified as eligible on the
basis of geographic proximity. Thus, the develop-
mental outcome at 1 year of age may be subject to
selection bias (eg, those parents most worried about
their child’s development might have been more like-
ly to participate). Similarly, one or more question-
naires concerning outcome at 2 to 4 years of age were
returned by only 73% of the families, despite repeat-
ed mailings. Although higher than the 60% response
rate generally achieved after 3 mailings, it is possible
that the respondents are not representative of the
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group enrolled. As described earlier, children for
whom information on outcome is available (either in-
person evaluation or parental questionnaire) were
similar to children for whom no information is avail-
able. Furthermore, although selection bias may have
influenced the results of the combined treatment
groups, it would be unlikely to have influenced the
comparison of children assigned to alpha-stat versus
pH-stat. Finally, assessments at age 1 year have rela-
tively low predictive validity for later intelligence
quotient and academic achievement, and parents’
responses to developmental questionnaires can be
biased or simply inaccurate.
It is of interest that the subgroup of patients with D-
TGA achieved significantly higher MDI scores than
the subgroups of patients with TOF/other or
VSD/CAVC. Although we excluded from enrollment
children with congenital anomalies of more than
minor severity, as well as known genetic syndromes,
children were not tested for chromosomal anomalies.
Microdeletion of 22q11 is known to be associated
with developmental delay26 and has been reported to
occur in up to 25% of patients with TOF, as well as in
patients with VSD. In contrast, it has not been report-
ed to be associated with D-TGA.27 The strikingly low
mean score of the 7 patients with VSD/CAVC ran-
domized to the pH-stat strategy deviates widely from
our usual clinical experience. We speculate that this
finding might represent the chance occurrence of
22q11 microdeletion within that group of patients. In
the future, routine testing of study patients for the
22q11 microdeletion would clarify the extent to
which this anomaly affects the evaluation of the
developmental and neurologic risks associated with
particular aspects of operative management.
In summary, the type of acid-base management
strategy (alpha-stat vs pH-stat) used during reparative
infant cardiac operations with deep hypothermic CPB
did not have a consistent effect on neurodevelopmen-
tal outcome at 1 or 2 to 4 years of age. Children with
D-TGA or TOF/other who underwent corrective oper-
ations in the earliest days of infancy tended to have
better developmental outcomes if randomized to the
pH-stat strategy. In contrast, among the smaller group
of patients with VSD/CAVC, who are generally oper-
ated on later in infancy, assignment to the pH-stat
strategy was associated with significantly worse out-
comes. In view of the findings in the perioperative
period favoring infants randomized to the pH-stat
group, we consider pH-stat to be the generally prefer-
able strategy for acid-base management during the
cooling phase of CPB in neonates and young infants.
Our data also suggest, however, that other patient and
procedural factors might be more important determi-
nants of neurodevelopmental outcome than acid-base
management strategy during CPB.
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